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Highlights 1 
 2 
• A novel respirometer design characterized the kinetics in H2S-oxidizing biofilms 3 
• H2S biofiltration properties were evaluated from a sample of biotrickling filter bed  4 
• Short-term respirometric assays (< 20 min) were performed 5 
• A mathematical model of the biotrickling filter bed respirometry was developed 6 
• The non-wetted biofilm fraction contributed 65% to the overall removal of H2S 7 
 
3 
 
 
ABSTRACT 1 
The elimination capacity of gaseous H2S biofiltration can be limited either by mass transfer or 2 
bioreaction in the biofilm. Assessment of the biological activity of immobilized cells (biofilm) 3 
usually implies morphological and physiological changes during the adaptation of cells to 4 
respirometric devices operated as suspended cultures. In this study, respirometry of 5 
heterogeneous media is advised as a valuable technique for characterizing mass transport and 6 
biological activity of H2S-oxidizing biofilms attached on two packing materials from operative 7 
biotrickling filters. Controlled flows of liquid and H2S-containing air were recirculated through 8 
a closed heterogeneous respirometer allowing a more realistic estimation of the biofilm activity 9 
by the experimental evaluation of the oxygen uptake rate (OUR). Specific maximum OUR of 10 
23.0 and 38.5 mmol O2 (g biomass min)-1 were obtained for Pall Rings and Polyurethane Foam, 11 
respectively. A mathematical model for the determination of kinetic-related parameters such as 12 
the maximum H2S elimination capacity and morphological properties of biofilm (i.e. thickness 13 
and fraction of wetted area of packing bed) was developed and calibrated. With the set of 14 
parameters obtained, the external oxygen mass transport to the wetted biofilm was found to 15 
limit the global H2S biofiltration capacity, whereas the non-wetted biofilm was the dominant 16 
route for the gaseous O2 and H2S mass transfer to the biofilm. Oxygen diffusion rate was the 17 
limiting step in the case of very active biofilms. 18 
KEYWORDS 19 
OUR; Hydrogen sulfide; heterogeneous respirometry; wetted/non-wetted biofilm; mathematical 20 
model; mass transfer. 21 
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 1 
1. INTRODUCTION 2 
Hydrogen sulfide (H2S) is a volatile inorganic compound commonly found in waste gas 3 
streams (e.g. biogas from landfills and wastewater treatment plants), with a typical composition 4 
ranging from 0.0002 % to 2.0% [1-2]. Biofilters (BF) and biotrickling filters (BTF) have been 5 
widely studied and applied by several research groups and companies to desulfurize polluted, 6 
odorous air or energetic gases such as biogas [3-4]. Therefore, the application of these 7 
technologies avoids the emission of harmful gases and odors, which cause human hazard risks 8 
and also corrosion damages on cogeneration engines in case of recovering energy from H2S 9 
containing waste gases. 10 
Several parameters can be monitored and controlled during waste gas biofiltration, such as inlet 11 
and outlet gaseous pollutant concentrations or flow rates, which allow calculating the overall 12 
removal efficiency. However, biodegradation kinetics are usually difficult to determine [5]. 13 
Respirometry consists on the measurement and interpretation of the biological oxygen 14 
consumption rate under well-defined experimental conditions and is a typical tool to assess the 15 
degradation activity of microbial cultures [6-7]. The performance of this assay has been 16 
traditionally used with suspended cells [8-9], namely Suspended Culture Respirometry (SCR), 17 
which implies biofilm destruction when it is applied to monitor biological activity of 18 
immobilized biomass. In SCR the original physiology of cells, as well as the mass transport 19 
phenomena occurring in the biofilm, are not considered which drives to an overestimated 20 
biological activity [10]. A realistic assessment of the biodegradation activity measured from a 21 
sample of colonized packed bed would allow improving the strategies to adequately operate 22 
and control biofilters.  23 
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Some adapted respirometric methodologies to study biodegradation kinetics of immobilized 1 
biomass have been already proposed. In this sense, preliminary studies have been performed 2 
towards the application of heterogeneous respirometry (HR) to characterize H2S-oxidizing 3 
biofilms [5, 11]. However, in these methodologies the liquid and/or gas phases remained static 4 
[12-13], which do not simulate properly the dynamic nature of the flowing phases of a BF or 5 
BTF and, in consequence, altered the real biofilm conditions during tests. The effect of external 6 
mass transfer resistance on the H2S elimination seems to be significant for the performance of 7 
BFs and BTFs, and especially in aerobic systems where the mass transport of gaseous oxygen 8 
to the biofilm could limit the global process [14]. Instead, the HR is a novel methodology based 9 
on the measurement of the biological activity of immobilized biomass with a minimum 10 
handling and damaging of the biofilm associated. HR also reproduces the dynamic conditions 11 
of the flowing phases. In addition, in the abovementioned studies only the pollutant 12 
concentration in the gas-phase has been monitored [15], while the oxygen concentration in the 13 
gas phase was not analyzed. The latter is a critical variable that defines the H2S biological 14 
oxidation. Overall, the HR technique has not been extensively applied yet and requires further 15 
experimental and modeling research in order to be improved.  16 
Thus, the aim of this work was to apply, assess and improve the HR methodology to 17 
characterize H2S-oxidizing activity and mass transport phenomena of specialized biofilms 18 
grown on packed beds of desulfurizing BTFs. Complementary, a mathematical model is 19 
developed and calibrated to describe the process and the intrinsic oxygen uptake rates (OUR) 20 
induced by the oxidation of H2S in the biofilm. The mathematical model considers both wetted 21 
and non-wetted biofilm surfaces of the packing material. Experimental data of oxygen profiles 22 
in the gas and the liquid phase together with the application of the mathematical model allowed 23 
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estimating the maximum H2S elimination capacity of the packing materials. Although no 1 
experimental data was available from inside the biofilm, the model was used to theoretically 2 
identify and assess the potential limiting steps in H2S bio-oxidation.  3 
2. MATERIALS AND METHODS 4 
2.1. Heterogeneous respirometer setup 5 
The experimental system consisted of a transparent PVC cylindrical BTF, with an internal 6 
diameter of 0.06 m and a height of 0.50 m. The packed bed height filled with random packing 7 
was 0.26 m (a working volume of 0.73 L). In Fig. 1 a schematic of the HR is presented. During 8 
respirometric assays the liquid phase was continuously recirculated at a flow rate of 2.25·10-2 9 
m
3
 h-1 with a peristaltic pump (77200-12, Cole Parmer, USA) while the gas phase was counter-10 
currently recirculated with a gas compressor (Model 3112, Boxer, England) at 0.09 m3 h-1. 11 
 12 
 13 
The HR was provided with an oxygen gas analyzer (SIDOR module OXOR-P, SICK, 14 
Germany) and also with a galvanic dissolved oxygen sensor (CellOx 325, WTW, Germany) 15 
connected to a bench top meter (Inolab Terminal level 3, WTW, Germany) to monitor the 16 
oxygen concentration in each phase. The pH was monitored in-situ (Sentix 20,WTW, 17 
Germany) and accurately controlled at 7.0± 0.1 by a high precision two-channel micro-burette 18 
(Multi burette 2S, Crison, USA) by 1M HCl and 1M NaOH addition. Sensors data were 19 
continuously recorded in a personal computer with software developed for process monitoring 20 
Here Figure 1. 
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and control with NI LabWindows CVI. Temperature was not directly controlled in the HR. 1 
Instead, room temperature was kept constant at 21ºC.  2 
 3 
2.2. H2S-oxidizing immobilized biomass 4 
Two desulfurizing BTFs with different packing material, polyurethane foam cubes (EDT, 5 
Eckenhaid-Eckental, Germany) and stainless steel pall rings (KEVINCPP, Mumbai, India), 6 
namely PUF and PR, respectively, were used in this study (Table SM1, Supplementary 7 
Material). The BTFs were inoculated with activated sludge from a municipal wastewater 8 
treatment plant to obtain an enriched neutrophilic H2S-oxidizing consortium. Initially, the 9 
inoculum was circulated through the packing material during 8h without liquid renewal and 10 
with a counter-current aeration flow of 0.03 m3·h-1. Afterwards, the BTF was fed during 2 11 
months with a constant H2S inlet concentration of 300 ppmv while setting the empty bed 12 
residence time (EBRT) to 30 s (48 g S m-3 h-1). The pH was monitored and automatically 13 
controlled to 7.0. The composition of the mineral medium used to grow up the immobilized 14 
culture contained (g L-1): NH4Cl, (1); KH2PO4, (0.12); K2HPO4, (0.15); CaCl2, (0.02); 15 
MgSO4·7H2O, (0.2); and trace elements, 1 mL L-1 [4]. Additionally, bicarbonate was added as 16 
the microbial carbon source to the mineral medium (3.5 g L-1 NaHCO3). 17 
 18 
2.3. Experimental approach of the heterogeneous respirometry 19 
Abiotic and biotic experiments were performed to characterize the mass transfer phenomena 20 
and the H2S-oxidizing activity of the biofilm. First, several abiotic assays were performed at 21 
different gas and liquid linear velocities with two types of packing material (PUF and PR) to 22 
estimate the overall volumetric mass transfer coefficient (KLag-l) corresponding to oxygen. The 23 
procedure to obtain the experimental data was applied as follows. The BTF was filled with 24 
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sterilized packing material followed by the addition of mineral medium (126 mL). The gas and 1 
liquid phases were counter-currently circulated while all oxygen was stripped out from the HR 2 
by feeding nitrogen gas at a flow of 0.03 m3·h-1. Once the oxygen was absent, a controlled air 3 
flow (0.03 m3·h-1) was fed to the HR generating different time-depended oxygen concentration 4 
profiles in both phases. Different velocities for gas (43.4; 57.8; 77.1; 101.2 m h-1) and liquid 5 
(6.9; 8.3; 10.8 m h-1, respectively) were applied to assess the mass transfer phenomena in the 6 
BTF. The liquid was assumed to be pure water due to the low salt content. Then, no ionic 7 
effects were considered over oxygen transfer. Gaseous and dissolved oxygen profiles arising 8 
from the abiotic assays were used to estimate the corresponding KLag-l. 9 
For the biotic assays, colonized packing material was withdrawn from the BTFs packed with 10 
PUF and PR, respectively. The experimental test started with the addition of 126 mL of mineral 11 
medium into the HR, which was continuously recirculated and aerated for some hours in order 12 
to stabilize the biofilm and to allow exhausting the bioavailable substrates that could have 13 
accumulated in the biofilm during the BTF operation (mainly H2S). Afterwards, the HR was 14 
closed and, while  both phases were continuously recirculated, a pulse of gaseous pure H2S (10 15 
mL) was immediately injected in the gas phase to attain computed equilibrium concentrations 16 
of 0.62 mmol L-1 (19.8 g m-3) and 0.63 % (vol) in the liquid and gas phases, respectively. The 17 
measurement of the equilibrium concentration into the liquid phase was theoretically calculated 18 
using the corresponding Henry’s constant for H2S (He=0.41 [16]). Gas and liquid phases were 19 
circulated at linear velocities of 101.2 and 10.8 m h-1, respectively, and the oxygen 20 
concentration evolution was continuously monitored in both phases. The abiotic and biotic 21 
assays were performed by triplicate and once (H2S consecutive additions affected the biofilm 22 
physiology) respectively. Experimental conditions in terms of substrate, electron acceptor and 23 
biomass concentrations must be those that allow OUR to be sensitive enough to produce a short 24 
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test (to avoid large biomass growth) with reduced uncertainty due to noise of measurements. 1 
Large substrate concentrations in the gas phase are important since produce significant 2 
variations of oxygen both in the gas and in the liquid phase. The latter is particularly important 3 
when activity tests are combined with modeling to determine model parameters or to predict 4 
system performance. 5 
 
6 
2.4. Experimental determinations in the packed bed 7 
The amount of biomass attached to the packing support was quantified as follows [17]. Once 8 
the corresponding assay was finished, the liquid pump was stopped and the packing material 9 
was immediately weighted (W1). After draining the liquid for a period of 30 minutes, the 10 
support was weighted again (W2). The weight difference between W2 and W1 was used to 11 
determine the static hold-up which, together with the dynamic hold-up, was used to estimate 12 
the volume fraction occupied by the liquid ( Bedlε ). Once drained, the packing material was 13 
carefully squeezed and/or shaken to withdraw all the biofilm and suspend it in a known amount 14 
of water. The clean packing was dried for 12 hours in an oven at 50 °C to determine the weight 15 
of the support (W3). The suspended biomass was later centrifuged at 5000 rpm for 10 minutes 16 
and the supernatant was discarded to determine the weight of wet biomass (W4). The volume 17 
fraction occupied by the biofilm ( Bedbε ) was calculated dividing W4 by the product of wet 18 
biofilm density times the volume of the packing material tested. A wet biofilm density of 1.11 g 19 
mL-1 reported by Hugler et al. [18] for a similar biofilm was used to calculate  Bedbε . Finally, 20 
the wet biomass was dried for 12 hours at 50 °C to determine the dry weight of the biomass 21 
(W5). The volume fraction occupied by the gas ( Bedgε ) in the packed bed was also determined 22 
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taking into account the space occupied by the abovementioned fractions of the packed bed, 1 
including the empty bed fraction of the packing material reported by the manufacturer (see 2 
Table 1). 3 
 4 
2.5. Mathematical model development 5 
Mass balances for oxygen and H2S in the gas, liquid and biofilm phases of the HR were stated 6 
in Eqs. (1-6) based on the modeling approach by González-Sánchez et al. [19]. Due to bench 7 
size and the batch operating mode of the HR, an ideally mixed regime was assumed for both 8 
bulk phases. The reaction was considered to occur entirely in the biofilm since there was no 9 
suspended biomass in the liquid phase either at the beginning or at the end of the assays. The 10 
reaction considered in this study is a biological reaction being the catalyzer the biomass itself. 11 
Free volumes of gas in the upper and lower sections of the HR and the liquid reservoir (see Fig. 12 
1) were also considered in mass balances. As a particular assumption associated with the 13 
operation mode and size of the experimental system, no axial concentration gradients were 14 
considered due to the continuous recirculation of gas and liquid phases. The mechanism 15 
proposed for H2S removal in the BTF is shown in Fig. 2. Both wetted and non-wetted portions 16 
of the biofilm were included in the model. As a common assumption often made in biofiltration 17 
modeling, mass transfer resistance in the gas boundary layer over the wetted and non-wetted 18 
biofilm was assumed negligible. More detailed model assumptions can be found elsewhere [5, 19 
20]. 20 
 21 
2.5.1 Mass balance for the gas phase. 22 
Here Figure 2. 
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The subscript i refers to oxygen or H2S, the two different gaseous compounds considered in the 7 
mass balance. 8 
 9 
2.5.2. Mass balance for the liquid phase. 10 
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2.5.3. Mass balance for the biofilm 3 
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,
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g iC , ,
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l iC ,b iC and ,b NW iC − are the concentrations of component i in the bulk gas phase, bulk liquid 5 
phase, biofilm and non-wetted biofilm, respectively (g m-3); 
,
Free
g iC , 
Re
,
s
l iC are the concentrations of 6 
component i in the free gas volume and in the liquid reservoir tank respectively (g m-3); Hei is 7 
the gas/liquid partition coefficient of component i (dimensionless); a , 
−g la , −l ba , −g ba (see Eqs. 8-8 
10) represent the specific surface area per volume unit of packed bed, gas-liquid specific 9 
contact area, liquid-biofilm specific contact area and gas-biofilm specific contact area, 10 
respectively (m2 m-3); 
,eff iD is the diffusion coefficient of component i in the biofilm (m
2
 h-1); 11 
13 
 
,b ir
, 
,b NW ir −
 are the consumption rates of component i in the wetted biofilm and in the non-1 
wetted biofilm respectively (g m-3 h-1); δ is the biofilm thickness (m). 2 
 3 
2.5.4. Model solution 4 
N is the total number of layers of the discretized biofilm thickness for the numerical resolution 5 
of the mathematical model. According to Eq. (7), KB is the external mass transfer coefficient 6 
from external bulk phase to biofilm. The surface fraction of the packing material covered by 7 
biofilm (β) was estimated according to Eq. (11). 8 
 9 
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b
a
εβ δ= ⋅           (11) 14 
 15 
The set of partial differential equations was discretized in space along the biofilm thickness. 16 
Six points were used along the biofilm thickness. The resulting set of ordinary differential 17 
equations was solved using a Rosenbrock (stiff) integration method with Berkeley Madonna 18 
8.3.18.  19 
 20 
2.5.5. Microbial kinetics 21 
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The OUR within the biofilm was described by a double Monod-Haldane type kinetic 1 
expression depending on dissolved oxygen and dissolved H2S concentrations inside the biofilm 2 
(Eqs. 12 and 13). The H2S uptake rate was computed from Eqs. (14) and (15) as a function of 3 
the stoichiometric yield of sulfide oxidation. 4 
 5 
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2.5.6. Stoichiometry of H2S oxidation 10 
Recent reports [15] stated that elemental sulfur or sulfate production occur depending on the 11 
molar ratio of dissolved oxygen and sulfide species in the biofilm, namely [O2]/[H2S] ratio. At 12 
molar ratios [O2]/[H2S]  1.0 H2S oxidation occurs through Eq. (16) at a stoichiometric yield 13 
2 2/O H S
Y = 0.5 while Eq. (17) predominates at a stoichiometric yield 
2 2/O H S
Y = 2.0 when the molar 14 
ratio [O2]/[H2S]  1.0. During modeling of respirometric assays, the molar ratio [O2]/[H2S] in 15 
15 
 
the biofilm was evaluated at each integration step of the differential equations set in order to 1 
predict the fate of H2S oxidation. A step switch function was programmed to use the 2 
corresponding molar yield. 3 
 4 
H2S + 0.5O2  S0 + H2O  (16) 
H2S + 2O2  SO42- + 2H+   (17) 
 5 
Furthermore, the calibrated model was used to predict the transient H2S elimination capacity of 6 
the biotrickling filter bed (g H2S m-3 bed h-1) considering the fate of H2S as well as the 7 
contribution of wetted and non-wetted biofilm to H2S elimination according to Eq. (18). 8 
 9 
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   10 
Where 0.94 corresponds to a conversion factor from molar to mass units (mol O2 mol-1 H2S to g 11 
O2 g-1 H2S). 12 
 13 
2.6. Model parameters estimation 14 
Physical and some biokinetic parameters included in the model were either experimentally 15 
determined or taken from literature while others were obtained from the packing materials 16 
manufacturers (Table 1). 17 
 18 
16 
 
 1 
The experimental gaseous and dissolved oxygen concentration profiles generated from the 2 
respective respirometric tests were used to calibrate the mathematical model described above. 3 
Only three biokinetic (OURmax, Ks,H2S and Ki,H2S) and one morphological parameters (biofilm 4 
thickness δ) were determined by fitting the experimental data. Parameters estimation was 5 
performed following the least square method by minimizing the quadratic error between model 6 
predictions and measured gaseous and dissolved oxygen concentrations. Model simulations and 7 
parameters estimation were performed with Berkeley Madonna 8.3.18 software. A statistical 8 
analysis based on paired t-student tests at a 5% level of significance were performed for 9 
dissolved oxygen and oxygen gas in both packing materials in order to quantify the agreement 10 
between results predicted by the model with the optimized kinetic parameters and experimental 11 
data. 12 
 13 
3. RESULTS  14 
3.1. Abiotic tests 15 
Fig. 3 shows the KLag-l as a function of the hydrodynamic conditions for both packing materials. 16 
Results indicated that the gas velocity had a larger impact on KLag-l compared to the impact of 17 
increasing the liquid velocity for both packing materials. Here the unexpected effect of the 18 
increase of gas velocity on the KLag-l can be due to the excessive mixing of liquid, which 19 
caused a sensible reduction of the resistance to the mass transport in the liquid side. Also, 20 
slightly higher mass transfer coefficients were found for PR compared to PUF under all 21 
conditions tested. Hydrodynamic conditions that lead to a KLag-l of around 20 h-1 (gas and 22 
HereTable 1. 
17 
 
liquid flow rates of 43.4 m h-1 and 10.8 m h-1, respectively) were selected as convenient for 1 
biofiltration operation according to Kim and Deshusses [5]. Therefore, such conditions were set 2 
for subsequent biotic tests.  3 
 4 
3.2. Model calibration in biotic tests 5 
Fig. 4 shows the oxygen concentration changes in gas and liquid phases induced due to the 6 
biological H2S oxidation in the corresponding packed bed tested. The total biofilm mass 7 
experimentally assessed on PR and PUF was 2.1 and 7.0 g VSS, respectively. Solid lines show 8 
the HR model predictions after optimization of OURmax, δ, Ks,H2S and Ki,H2S for both packing 9 
materials. Overall, a good agreement was found for the oxygen profiles in the gas phase for 10 
both packing materials. Also, the dissolved oxygen concentration predicted for the PR packing 11 
was satisfactory (Fig.4A) while a slight overestimation of the oxygen consumption was found 12 
for PUF towards the end of the test. The t-Student tests executed for all variables in Fig. 4 (Cl,O2 13 
and Cg,O2) yielded absolute values in between the two t-test tails at a 5% level of significance 14 
indicating that the differences between dissolved oxygen and oxygen gas measured 15 
experimentally and those predicted by the model were not statistically significant in the studied 16 
period for PUF.  17 
 18 
Here Figure 3. 
18 
 
The fitted parameters as well as other relevant estimates calculated from model estimates are 1 
shown in Table 2. At the trickling rate tested (10.8 m h-1), the fraction of biofilm covered by 2 
water (assuming to be proportional to α) was much smaller than that directly exposed to the gas 3 
for both packing materials. Even if the thickness of the biofilm on PUF was more than half that 4 
of the PR, the surface of packing covered by biofilm (β), the area of biofilm directly exposed to 5 
the gas phase (ɑg-b) as well as the OURmax were significantly larger for the PUF packing 6 
compared to those for the PR. Results in Table 2 indicate that a combination of several factors 7 
lead to find a larger H2S elimination capacity for the PUF packing. The external oxygen mass 8 
transfer coefficients KL and KB would explain such differences as discussed later. 9 
 10 
Similarly, the overall capacity for H2S degradation must consider not only mass transport but 11 
also the biological activity inside the biofilm. Table 2 also shows the maximum EC estimated 12 
by the model corresponding to the maximum activity along the biotic test for each packing 13 
material (Fig. 5). The experimental EC during the whole respirometric assay for both type 14 
kinetic assays was around 52 g H2S m-3 h-1 which was much lower than the maximum EC 15 
predicted by the model. Such a difference can be explained by the fact that the maximum EC is 16 
computed at a specific time under favorable oxygen and H2S concentrations in the biofilm, 17 
while on the other the conditions during the respective respirometric assay changed from 18 
Here Figure 4. 
HereTable 2. 
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nearby inhibitory to limiting H2S concentrations, this resulted in an averaged EC value that 1 
underestimates the potential EC of the colonized sampled bed 2 
Oppositely to that of PR, the EC estimated for PUF indicated that H2S was almost depleted at 3 
the end of the test. In the first 2 minutes an initial lag phase was found for both packing 4 
materials. As commonly found in respirometric tests performed in SCR, such behavior was 5 
related to the wake-up time needed by microorganisms for adapting to the test conditions after 6 
the endogenous phase. Also, model predictions based on the contribution of the wetted and 7 
non-wetted fraction as calculated by Eq. (18) indicated that the non-wetted biofilm fraction in 8 
both packing materials contributed in average around 65% to the EC observed (Fig. 5). 9 
 10 
3.3. Assessment of the rate controlling step  11 
Although no experimental data of the concentrations of the species inside the biofilm was 12 
available at the time of the study, the calibrated HR model was used to predict the theoretical 13 
profiles of the electron donor and acceptor inside the biofilm at two particular times of the 14 
respirometry. First, at the time of reaching the maximum H2S elimination capacity ECmax, 15 
namely tmax, and secondly at the end of the test, namely tend (Fig. 5). Fig. 6 shows the predicted 16 
concentrations of H2S and dissolved oxygen inside of the wetted and non- wetted biofilm for 17 
both packing materials at both tmax and tend. In Fig. 6A and 6B for the wetted biofilm a similar 18 
behavior can be observed for both colonized packed beds independently of the time at which 19 
profiles were assessed. Almost the whole biofilm was active in both cases except in the inner 20 
Here Figure 5. 
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layers of the PUF biofilm at tend (Fig. 6B) since H2S had been almost completely consumed at 1 
the end of the test. Except in the latter case, no substrate limitation occurred in the wetted 2 
fractions of the biofilm. For PUF at tmax (Fig. 6D), the H2S elimination capacity in the non-3 
wetted biofilm was limited by the diffusion of oxygen through the biofilm. The inner layers 4 
turned out to be inactive for both packing materials. 5 
 6 
Since different H2S and O2 concentrations in the biofilm existed along time and biofilm depth, 7 
the H2S elimination rates and its controlling factor depended on the molar [O2]/[H2S] ratio 8 
which, in turn, defined the products of H2S oxidation. Fig. 7 shows the molar [O2]/[H2S] ratio 9 
through the biofilm thickness computed at the same time than those in Fig. 6. According to 10 
Eqs. (14) and (15), a combination of elemental sulfur and sulfate were being produced in both 11 
packing materials. 12 
 13 
4. DISCUSSION 14 
The use of bacterial biofilm as catalyst for the desulfurization of biogas in biotrickling filters is 15 
highly convenient in terms of its easy design and operation, but difficult to keep good 16 
performance if not enough knowledge about the complex phenomena occurring in the 17 
biofiltration process is available. Oppositely to SCR, HR can mimic the hydrodynamic 18 
Here Figure 6. 
Here Figure 7. 
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conditions found in a BTF allowing the estimation of the intrinsic biological activity of the 1 
biofilm by inducing comparative boundary layer properties of the mobile phases. Besides, the 2 
HR methodology described in this work considers and quantifies phenomena such as the partial 3 
wetting of both the packing and biofilm that occur in real biotrickling filters.  4 
Abiotic tests performed for the packing materials under study indicated that both packing 5 
materials showed similar performance and values for the oxygen KLag-l. Kim and Deshusses 6 
[21] suggested a proportional relationship of the liquid linear velocities to the KLa of oxygen, 7 
which was confirmed in this work. Despite of the lower specific surface area of PR compared 8 
to PUF, slightly higher KLag-l values for PR were found. Characterization of PUF in several 9 
works has shown that the reticulate structure of PUF provides a large accumulation of water in 10 
packed beds in the form of water droplets [22]. Both results suggest that such water 11 
accumulation in PUF does not necessarily improve G-L mass transfer if water is not well 12 
distributed as a thin layer over the surface of the packing material. In fact, Table 2 shows that α, 13 
the fraction of the packing surface covered with water, was estimated to be similar for PR and 14 
PUF [5]. Then, the larger bulk porosity of PUF does not correspond to a better water trickling 15 
since a fraction of the water accumulated inside the foam may not be accessible for G-L mass 16 
transfer. Therefore, water and biofilm distribution over the surface of both packing materials 17 
had a large impact in the performance of the system as shown in biotic tests.  18 
In biotic assays, t-Student test showed that model predictions were in good agreement with 19 
experimental results indicating that mass transport and biological kinetics were satisfactorily 20 
included in the HR model. Biofilm concentration profiles presented in Fig. 6 indicated that the 21 
wetted biofilm had a limited G-L oxygen transport compared to that of H2S, i.e. solubility, 22 
which could have conditioned the bioreaction rate at first layers of biofilm, due to slightly 23 
22 
 
larger accumulation of H2S at tmax in the wetted biofilm than the accounted for the non-wetted 1 
biofilm. According to González-Sánchez et al. [23], at concentrations >15 mM H2S a partial 2 
substrate inhibition of the H2S degradation rate could occur, explaining why almost all wetted 3 
biofilm was active but not fast enough. The H2S external transport was not relevant here 4 
because of its much higher solubility (He=0.41) compared to that of oxygen (He=32) under 5 
standard conditions. In the non-wetted biofilm, where no external mass transport resistance 6 
existed, bioreaction rates were maximized in the external layers but minimized in the deeper 7 
layers of the biofilm. This observation previously find by others [24-25] indicates that both 8 
oxygen and H2S diffusion rates through biofilm limited the activity of the biofilm.  9 
Results also allowed calculating the contribution of the wetted and non-wetted fractions to the 10 
total flux of H2S and O2 to the biofilm. Since wetted surfaces (ɑl-b) were lower for PR and PUF 11 
compared to the non-wetted surface (ɑg-b), the contribution of the G-L flux and that of the G-B 12 
flux was significantly different for both packing materials. According to the mass transport 13 
terms in Eq. (1), the oxygen G-B flux was 0.53 g O2 m-2 h-1, while the corresponding G-L flux 14 
was 0.23 g O2 m-2 h-1 for PUF. Similarly, gas fluxes of 0.41 and 0.05 g O2 m-2 h-1 for G-B and 15 
G-L fluxes, respectively, were found for PR. Nevertheless, the H2S elimination capacity 16 
predicted by the model (Eq. (18)), scrutinized in average that around 65% of the H2S 17 
eliminated in the BTF was due to the non-wetted biofilm for both packing materials tested, 18 
similar trend was reported by Li et al. [26]. However, a different behavior to the oxygen fluxes 19 
was computed for H2S, resulting in a G-L flux slightly higher than the G-B flux, which can be 20 
explained in terms of the gradient concentrations conditioning the mass fluxes (Eq. (1)). In the 21 
case of H2S, these concentration gradients were similar either for G-L and G-B interphases, 22 
which indicated that no external mass transfer limitation of H2S occurred, mainly due to its 23 
23 
 
much higher solubility than that of oxygen. Here the H2S solubility can be sensibly enhanced 1 
by its absorption in aqueous solutions at pH>7 [27]. In addition, experimental results about 2 
biomass density indicated that the biofilm amount on the PUF was twice larger than that on PR, 3 
so different distribution in the bed leads to key consequences in terms of H2S removal. In the 4 
case of PUF, a thinner biofilm, as well as a larger surface colonized by biofilm than that 5 
obtained with PR lead to a PUF biofilm much more active (4 times compared with PR taking as 6 
reference the ECmax) with a larger capacity for oxygen consumption and concomitant H2S 7 
degradation. Overall, results are consistent with the common experimental evidence that a 8 
higher water hold-up in biotrickling filters leads to reduced EC and removal efficiencies [21, 9 
28-30] and especially for poorly soluble compounds as O2. In any case, results presented herein 10 
become in an interesting theoretical framework in the sense that previous models that 11 
considered wetted and non-wetted biofilms either took into account only the absorption of 12 
pollutant in the G-L interphase [24-25] or did not analyze the contribution G-L and G-B mass 13 
fluxes [5]. Results herein point out that both G-B as well as G-L transfer fluxes must be 14 
considered and analyzed separately depending on the solubility of each compound.  15 
The model predicted that maximum EC for H2S occurred close to or under oxygen limiting 16 
conditions in both wetted and non-wetted biofilms. Reported H2S elimination capacities are 17 
between 50 to 400 g H2S m-3 h-1 [5, 14, 31-32] for different BTFs packed with various 18 
materials and operated under similar conditions, which were in general lower than the predicted 19 
by the calibrated mathematical model. This fact shows that conventional BTFs could not be 20 
optimally operated, meaning that the biofilm has to be exposed to optimal H2S concentrations 21 
(non-limiting and non-inhibiting) as well as non-limiting oxygen concentrations. These ideal 22 
conditions could be very difficult to reach, especially in full-scale BTFs, where probably a 23 
24 
 
large percentage of biofilm has low or no H2S-oxidizing activity. As pointed out by other 1 
authors, the use of intensive devices for O2 transport to the liquid phase, which is the main 2 
bottleneck when high loads of H2S are removed, may help to improve the performance of BTFs 3 
[33]. 4 
Also, model predictions helped understanding the different instant by-products production from 5 
H2S biological oxidation in a range of situations. Although at the end of the tests an oxygen 6 
excess condition was reached and, concomitantly, sulfate was the main product of H2S 7 
oxidation (Fig. 7), elemental sulfur was the main product in almost all situations for PR. 8 
Elemental sulfur could be only produced in the inner layers of the non-wetted biofilm at tmax for 9 
PUF. The molar ratios [O2]/[H2S] predicted inside of the biofilm indicate that maximum 10 
elimination capacities should be reached under oxygen limiting conditions in the first layers, 11 
but this means to overload the biofilm with H2S. This could induce several performance risks, 12 
i.e. reaching inhibitory H2S concentrations (>0.15 mM) [23] or clogging the biofilter bed by 13 
excessive formation and accumulation of elemental sulfur [34-36]. Instead, excess oxygen is 14 
desirable in terms of biofilter operation, but expensive because of the need to keep neutral pH 15 
(see Eq. (14)) as well as to promote adequate oxygen transfer if high loading rates of H2S are 16 
treated [4]. Other factors not considered herein such as the reticulate structure of PUF must be 17 
also included in order to analyze the performance of different packing materials based on the 18 
HR. As an example, the larger biomass retention capacity of PUF may be counterproductive 19 
when elemental sulfur is produced in the bed. 20 
Overall, experimental data of the gas and the liquid phases to both describe mass transfer and 21 
biological activity showed that dissolved oxygen and O2 profiles allowed to assess the 22 
biological activity of a sample of packing material from a packed bed biological reactor and to 23 
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provide a theoretical benchmark to explain such behavior. It is worth mentioning that model 1 
predictions in terms of the concentrations of the species in the biofilm phase as well as several 2 
model parameters are influenced by the lack of experimental data from inside the biofilm 3 
phase. Data other than oxygen, which may include the fate of sulfide and its degradation 4 
subproducts, is warranted for improving the modeling approach proposed herein, even if data in 5 
such type of systems is difficult, even impossible in some cases, to obtain. Most modeling 6 
literature, dealing with biofilters and biotrickling filters, report only gas phase data [37-40] 7 
while almost no literature reports data inside biofilms since complex setups are needed and 8 
only few probes available. As an example, sulfur production or deposition, which would serve 9 
to better understand the H2S oxidation cannot be measured directly. Elemental sulfur 10 
measurements are not reliable, even less in complex biofilm growth as that occurring in PUR 11 
supports [41]. The common practice is to calculate elemental sulfur production based on mass 12 
balances between the sulfide removed and the sulfate produced [32, 42-43] , which cannot be 13 
measured either. Developing monitoring tools and methods for obtaining additional data from 14 
biofilms is warranted for improving our modeling approach and to gain knowledge and 15 
robustness in the models proposed [44]. Such data together with a classical sensitivity analysis 16 
[45] would also contribute to reduce uncertainty of model parameters estimation. In fact, no 17 
work in literature has attempted to analyze neither the structural nor the parameter 18 
identifiabilities [46] of biofiltration models. It is well-known that modeling of biofiltration 19 
systems is based on models with a large number of parameters and processes that may be 20 
correlated which, coupled to a common lack of data of the biofilm (biofilm composition and 21 
structure, concentration of species in the biofilm…), lead to solutions that are fairly recognized 22 
as non-unique. However, the lack of such analysis/data and parameter correlation do not 23 
invalidate modeling efforts. 24 
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5. CONCLUSIONS 1 
In this study heterogeneous respirometry was successfully applied to characterize the basic 2 
biofiltration properties (i.e. transport and biological phenomena) using a small and 3 
representative piece of packing material from an operating biotrickling filter in a short period of 4 
time, which allowed considering the biofilm properties as constant. Evaluation of mass 5 
transport by mimicking the hydraulic conditions of a BTF during the respirometric assays 6 
allowed estimating the contribution of wetted and non-wetted biofilms fractions to the overall 7 
removal of H2S as well as to determine the limiting step. Then intrinsic biokinetic parameters 8 
were estimated with the minimal handling of the biofilm. This technique has shown to be 9 
highly adequate to study the kinetics of immobilized biomass which is essential in those 10 
generic models describing biofiltration process or other similar process involving biofilms. 11 
However, more data is needed, particularly from substrate degradation and inside the biofilm, 12 
to reduce uncertainty of model parameters estimation as well as to verify model predictions. 13 
LIST OF SYMBOLS 14 
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Re
,
s
l iC  = concentrations of component i in the liquid phase in the reservoir section, g m-3 1 
,eff iD = diffusion coefficient of component i in the biofilm, m
2
 h-1 2 
EC = elimination capacity, g m-3 h-1 3 
iHe  = gas/liquid partition coefficient of component i in a air/aqueous system 4 
KB = the external mass transfer coefficient from external bulk phase to biofilm, m h-1 5 
L g lK a − = global mass transfer coefficient, h
-1
 6 
ik  = saturation constant for component i, g m-3 7 
,s iK  = half saturation constant for component i, g m
-3 
8 
N
 = total number of layers that thickness biofilm was divided for the numerical resolution of 9 
the mathematical model 10 
OUR
 = oxygen uptake rate, g O2 m-3 h-1 11 
maxOUR  = maximum oxygen uptake rate, g O2 m-3 h-1 12 
eR ndOU  = endogenous oxygen uptake rate, g O2 m-3 h-1 13 
gQ = gaseous volumetric flow rate, m
3
 h-1 14 
lQ = liquid volumetric flow rate, m3 h-1 15 
,b ir = consumption rates of component i in the wetted biofilm, g m
-3 h-1 16 
,b NW ir −  = consumption rates of component i in the non-wetted biofilm, g m
-3 h-1 17 
t = time, h 18 
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tend= final time of respirometry assay, h 1 
tmax= time when maximum elimination capacity occurred, h 2 
Vbed= packed bedvolume, m3 3 
Vbio = biomass volume, m3 4 
Vg = gaseous volume, m3 5 
Vl = liquid volume, m3 6 
x = thickness position in the biofilm, m 7 
YO2/H2S = yield coefficient, mol O2 mol-1 H2S 8 
 
9 
Subscripts 10 
b = section of biofilm wetted 11 
b-NW= section of biofilm non-wetted 12 
i = component i 13 
max = maximum 14 
 15 
Superscripts 16 
Bed = packed bed of HR 17 
Free = gas free volume 18 
Res = reservoir liquid volume 19 
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 1 
Greek Letters 2 
α
 = surface fraction of packing material wetted 3 
β= surface fraction of the packing material covered by biofilm 4 
δ= biofilm thickness, m 5 
Bed
lε  = volume fraction occupied by the liquid in the packed bed, m
3
 m
-3 
6 
Bed
gε  = volume fraction occupied by the gas in the packed bed, m
3
 m
-3 
7 
Bed
bε  = volume fraction occupied by the biofilm in the packed bed, m
3
 m
-3 
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FIGURE CAPTIONS 1 
 2 
 3 
Fig. 1. Schematic of the Heterogeneous Respirometer. (1) dissolved oxygen sensor, (2) liquid 4 
recirculation, (3) Liquid recirculation pump, (4) pH sensor, (5) Gas out, (6) Packed bed, (7) Gas 5 
free (gas volume out of the packed bed), (8) Liquid reservoir, (9) Pulse port, (10) Liquid purge, 6 
(11) Gas in, (12) O2/CO2 sensor , (13) Gas recirculation, (14) Gas recirculation compressor, 7 
(15) micro-burette for pH control. 8 
9 
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 1 
Fig. 2. Schematic of the phenomena and mechanisms of the H2S removal in a biotrickling filter, 2 
assuming wetted and non-wetted biofilm. Nl-b, Ng-l, Ng-b refer to mass fluxes between phases. 3 
4 
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 1 
Fig. 3. Mass transfer coefficient for the two different packing materials tested at different gas 2 
and liquid flow rates. A) Stainless steel PR, B) PUF: Gas velocity 43.37 m h-1 () Gas velocity 3 
57.83 m h-1 (), Gas velocity 77.11 m h-1 (), Gas velocity 101.21 m h-1 (). Values marked 4 
with an arrow indicate the values used for biotic tests. 5 
6 
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 1 
Fig. 4. Experimental results and predicted profiles of the HR model obtained from the 2 
respirometric assays with a gas pulse of 10 mL of pure H2S: Gas-experimental (□), Gas-model 3 
(--), Liquid-experimental (■), Liquid-Model (-). A) Stainless steel PR, B) PUF. 4 
5 
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 1 
Fig. 5. Predicted H2S elimination capacity for the wetted and non-wetted fractions of colonized 2 
PUF and PR packing materials. Circles indicate the time at which the rate controlling step was 3 
assessed: tmax, (○) and tend (●). 4 
5 
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1 
Fig. 6. Simulated dissolved H2S and oxygen concentration profiles inside the biofilm, at tmax 2 
and tend for A) wetted stainless steel PR, B) wetted PUF, C) non-wetted stainless steel PR, and 3 
D) non-wetted PUF. 4 
5 
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1 
Fig. 7. Dissolved oxygen and H2S concentrations ratios inside the biofilm at tmax and tend for A) 2 
wetted stainless steel PR, B) wetted PUF, C) non-wetted stainless steel PR, and D) non-wetted 3 
PUF. Dash-dotted lines correspond to the molar ratio at which stoichiometry switches occur. 4 
5 
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 1 
Table 1. Parameters included in the mathematical model 
 Colonized Pall Rings Colonized Polyurethane Foam  
Parameter Value Ref. Value Ref. Units 
 
0.70 E.D. 0.85 E.D. m3gas·m-3bed 
 
0.06 E.D. 0.21 E.D. m3biofilm m-3bed 
 
0.10 E.D. 0.09 E.D. m3liquid m-3bed 
 
0.18 M.D. 0.03 M.D. m3liquid m-3bed 
 
482.00 M.D. 600.00 M.D. m2 m-3bed 
Ks,O2 1.47 [19] 1.47 [19]  g m-3 
 
7.10x10-6 ICASa 7.10x10-6 ICASa m2 h-1 
 
6.30x10-6 [31]  6.30x10-6 [31]  m2 h-1 
HeO2 32.60 ICASa 32.60 ICASa  
HeH2S 0.41 [16]  0.41 [16]   
KLag-l 29.31±2.1 E.D. 22.08±0.9 E.D. h-1 
Vg res 6.30x10--4 E.D. 6.30x10--4 E.D. m3 
Vl res 1.26x10-4 E.D. 1.26x10-4 E.D. m3 
Vbed 6.10x10-4 E.D. 6.10x10-4 E.D. m3 
α 0.38 [5] 0.36 [5] m2liquid m-2 bed 
OURend 6.00 E.D. 7.00 E.D. g O2 m-3 biomass h-1 
aICAS 13 data base, Denmark.  
E.D. Experimental determination. 
M.D. Manufacturer data 
2 
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 1 
Table 2 Fitted parameters for the calibration of the HR mathematical model to the respective 2 
PR and PUF assays and other relevant parameters computed. 3 
Parameter Colonized Pall 
Rings
 
Colonized 
Polyurethane Foam
 
Units 
OURmax (best fitted) 16237.0 27202.4 g O2 m-3 biomass h-1 
δ (best fitted) 5.1 x 10-4 4.0 x 10-4 m 
Ks,H2S (best fitted) 9.9 9.9 g m-3 
Ki (best fitted) 69.7 69.5 g m-3 
ECmax 85.7 349.4 g H2S m-3 h-1 
β 0.2 0.8 m2 bio m-2 bed 
q O2 max 23.0 38.55 mmol O2 (g biomass min)-1 
l ba −  44.7 180.0 m
2 wetted biofilm m-3 bed 
g ba −
 72.9 320.0 m2 non-wetted biofilm m-3 
bed 
 4 
 5 
 6 
